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The rate constants for the gas-phase Sy2 reaction of F(H,O) with CH;3F have been calculated using the
dual-level variational transition state theory including multidimensional tunneling from 50 to 500 K. Tun-
neling was found to dominate the reaction below 200 K. The deuterium, B¢, and "C kinetic isotope ef-
fects (KIEs) and solvent (D,0) isotope effects (SKIEs) were also calculated in the same temperature
range. The results indicated that the deuterium and heavy water substitutions resulted in inverse KIEs
(0.6~0.8 ) while the "*C and '*C substitutions resulted in normal KIEs (1.0~1.2) at room temperature. The
calculated carbon KIEs increased significantly below 80 K due to the differences in the magnitude of the

tunneling effects for different isotopic substitutions.
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INTRODUCTION

The bimolecular nucleophilic substitution (Sy2) reac-
tion is one of the most studied reactions in organic chemis-
try and it plays very important roles in organic synthe-

s 1-12
S18S.

Measurement of the kinetic isotope effects (KIEs)
have proved to be very useful for investigating the reaction
mechanisms. For example, alkyl halides and a nucleophilic
group can undergo E2 or SN2 pathway, and the observed
deuterium KIEs could differentiate between these path-
ways. The E2 reaction would show high deuterium KIEs at

+713 while the Sy2 reaction

room temperature (ky/kp = 2-6)
usually would show slightly inverse KIEs (ku/kp = 0.8-
1.0).*7 Experimental and theoretical studies on many sim-
ple gas-phase Sy2 reactions have been reported.*'? For ex-
ample, the deuterium KIEs for the CI” + CH3Br reaction
have been experimentally determined to be 0.80* and 0.88,"
while the theoretical prediction gave a higher value of 0.94
at 298 K."" The experimental deuterium KIE for the CI” +
CH;I reactions was found to be 0.84* and a theoretical
study predicted a value of 0.91."" The experimental deute-
rium KIE for the Br™ + CH;l reactions was 0.76,* while the
predicted value was 0.93."" The experimental deuterium
KIE for the F~ + CH;Cl was found to be 0.90,10 and a theo-
retical study predicted a value of 0.92.° The microsolvated
reaction (solvation by one or a few solvent molecules) is a
previously missing link between gas phase and solution ki-
netics."™'*'7 The study of microsolvated systems both ex-
perimentally and theoretically allows us to understand the

direct solvation effects on the first solvation shell at de-
tailed molecular level. In addition, introducing strong sol-
vation effects on the ionic species in the gas-phase Sy2 or
E2 reactions usually increases the reaction energy barriers
significantly. This in turn makes the comparison between
the experimental results and transition state theory predic-
tion much more meaningful. Due to the much higher en-
ergy barriers in the solvated reactions the reaction bottle-
neck is located close to the transition state, and the reaction
can be modeled more accurately by the transition state the-
ory. While in many unsolvated systems, due to the very
small or negligible energy barriers, the reaction rates are
sometimes very close to the collision rates. We have previ-
ously studied the microhydrated Sy2 reaction of F(H,0) +
CH;CL'" The calculated inverse KIEs from the CD; and
D,O substitutions at 300 K were 0.83 and 0.65, respec-
tively, which were in very good agreement with experimen-
tal values.'” The theoretical studies of the Sy2 reactions
CI'(H,0), + CH;Cl (where n = 0-2) have also been re-
ported.'® The predicted barrier heights by MP2/6-31G**
method were 3.0, 5.4 and 10.7 kcal/mol for n = 0,1, and 2,
respectively. The predicted KIEs due to the CD; substitu-
tions were 0.95, 0.94 and 0.91 for n = 0, 1, and 2, respec-
tively. The experimental studies of F"(H,0) + CH;Br have
also been reported.'”!'® The measured KIEs due to the CD;
and D,O substitutions at 300 K were 0.92 and 0.83,'° re-
spectively, while the computational results were 0.84 and
0.65,'® respectively. In addition, the experimental KIE for
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the OH (H,0) + CH;Br reactions due to the CDj; substitu-
tion was found to be 0.98 at 300 K.'” However, most of the
gas-phase SN2 reactions experimentally studied so far have
low energy barriers, and thus the tunneling effects can be
safely ignored. However, due to the formation of ion-di-
pole complexes, the Sy2 reactions usually have relatively
narrow barriers. In principle, the tunneling effects could be
important at lower temperature due to the motion of hydro-
gen and carbon atoms if there is a positive energy barrier.
The study of the Sx2 reaction of F*(H,0) + CH;5F (R1),
which has a small positive barrier height and involves the
lightest halogen, offer a good opportunity to study the tun-
neling effects on the rate constants, and various kinetic iso-
tope effects. Thus, in the current study, we applied the
variational transition state theory including multidimen-
sional tunneling (VTST/MT)'®! corrections to calculate
the thermal rate constants of R1 and various isotopically
substituted analogs over a wide temperature range. The
temperature dependencies of the rate constants, tunneling
effects, and kinetic isotope effects were calculated and dis-
cussed.

COMPUTATIONAL METHODS

The molecular geometry and harmonic vibrational
frequencies of the stationary points were calculated using
MP2?? and B3LYP? theory with the aug-cc-pVDZ and
aug-cc-pVTZ** atomic basis sets. Single-point energies at
the stationary points were calculated with the CCSD(T)*
theory with the aug-cc-pVTZ basis set. Dual-level*® VTST/
MT dynamics calculation was performed to obtain the ther-
mal reaction rate constants over the temperature range of
50 K to 500 K. The low-level reaction path information was
calculated using the MP2/aug-cc-pVDZ method as re-
quired for the VTST/MT calculation. The reaction path was
calculated from —3.6 to 3.9 bohrs with a gradient step size
0f 0.006 bohr and a hessian step size of 0.03 bohr using the
Page-Mclver method”” in the mass-scaled coordinates with
ascaling mass of 1 amu. The hessians are the force constant
matrices which served two purposes. The first one is to pro-
vide the necessary second derivatives as required by the
Page-Mclver method for reaction-path following. The sec-
ond is to obtain, after projecting out the reaction path direc-
tion, the vibrational eigenvectors and eigenvalues along the
reaction path. Cartesian coordinates were used to calculate
the vibrational frequencies of the generalized transition
states along the reaction path. The dual-level VTST also re-
quires a set of “high-level” energy data on the stationary
1402
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points along the reaction path for the interpolated correc-
tions to the low-level PES. These energies data were ob-
tained at the CCSD(T)/aug-cc-pVTZ level. The SIL-1 in-
terpolated correction scheme” was applied in the dual-
level calculation using the CCSD(T)/aug-cc-pVTZ ener-
gies along the low-level reaction path geometries to esti-
mate the barrier widths. The rate constants as a function of
temperature were calculated at the levels of conventional
transition-state theory (TST), canonical variational theory
(CVT)," and canonical variational theory with small-cur-
vature tunneling approximation (CVT/SCT).” The small
curvature tunneling (SCT) method is used here because it
takes the reaction-path curvature into account, and this
usually predicts a more favorable tunneling path. The SCT
method has also been shown to give better results as com-
pared to accurate quantum scattering calculation.'®?° Rate
constants of four other isotopically substituted analogs of
R1, F(H,0) + CDsF (R2), F(D,0) + CH;F (R3), F(H,0)
+ BCH,F (R4), and F-(H,0) + "“CH;F (R5), have also been
similarly calculated. The rotation symmetry number of
CH;F or CDsF (Csy) is three. Since the transition state
structure (C,) is chiral, the overall symmetry numbers of
reaction were set to six. The electronic structure calculation
was performed using the Gaussian 03 programs,” and the
dual-level VTST/MT calculation was performed using the
Gaussrate 8.2 program’’ which is an interface between the
Gaussian 03 and POLYRATE 8.2 program.’’

RESULTS AND DISCUSSION
(a) Energetics and Geometry

Table 1 shows the calculated barriers and the energies
of reaction at various theoretical levels. The products could
in principle be (a) CH;F + F (H,0) (b) CH;F (H,O) + F~
(¢) CH5F + F~ + H,0. The products of the (a) channel is
identical to the reactants, and thus channel (a) is isoergic.
The predicted reaction energies for channels (b) and (c)
were 23.5 kcal/mol and 27.8 kcal/mol at CCSD(T)/aug-
cc-pVTZ level, respectively. The branching ratios depend
on the detailed energy redistribution after passing the reac-
tion bottleneck, and the forward rates to a good approxima-
tion are not affected by the branching ratios. Of course, in
future experimental study, isotopic substitutions on fluo-
rine would be required to deduce the absolute forward rates
since the same ion, F"(H,0O) could appear both on the reac-
tants and the products. The MP2/aug-cc-pVDZ and MP2/
aug-ccpVTZ methods predicted energy barriers of 8.7 and
11.6 kcal/mol, respectively. The B3LYP methods predicted

© 2012 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  J. Chin. Chem. Soc. 2012, 59, 1401-1408



Reaction Dynamics of F~(H,O) + CH;F

Table 1. Calculated Reaction Energetics” (in kcal/mol)
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ion-dipole complex

CH;F(H,0) + F~  CHsF + F + H,O F(H,0)-+-CH;F barrier height
MP2/aug-cc-pVDZ 223 26.8 123 8.7
MP2/aug-cc-pVTZ 234 27.6 11.6 11.6
B3LYP/aug-cc-pVDZ 239 27.3 10.5 7.9
B3LYP/aug-cc-pVTZ 242 273 10.0 9.7
CCSD(T)/aug-cc-pVTZ? 235 27.8 12.1 10.5

“ Relative to CH5F + F(H,0)
b Using MP2/aug-cc-pVTZ structures

slightly lower barriers using the same basis sets. The
CCSD(T)/aug-cc-pVTZ method predicted a barrier height
of 10.5 kcal/mol which should be most reliable. For com-
parison, the transition state (TS) energy of CH5F + F™ reac-
tion was also calculated with the CCSD(T)/aug-cc-pVTZ
method at the MP2/aug-cc-pVTZ geometry. The calculated
barrier height was —1.1 kcal/mol, in good agreement with
previous studies.’**? The barrier height in the micro-
solvated system was 11.6 kcal/mol higher because of the
difference in the solvation effects. The microsolvation en-
ergy was calculated to be 27.8 kcal/mol at the reactant (F")
and was 16.2 kcal/mol at the transition state. (The solvation
energy of TS mentioned here was obtained using the struc-
ture of the microsolvated TS, and by subtracting the energy
of the structure with the water molecule removed and the
energy of a free water molecule from the energy of the
microsolvated TS. Thus, no structural distortion energy
was included.) The TS has a delocalized charge distribu-
tion and thus a lower solvation energy. The ion-dipole com-
plex F (H,0)---CH;F on the reactant side was predicted
12.1 kcal/mol lower than the reactant at CCSD(T)/aug-
cc-pVTZ level. The calculated geometries of the stationary
points of R1 at the MP2/aug-cc-pVTZ level are depicted in
Figure 1. From the reactant to the TS, the C-F bond is
lengthened by 0.516 A and the C-H bond is slightly short-
ened by ~0.02 A. The distance between F anion and the hy-
drogen bonded hydrogen in H,O was predicted to be 1.368
A at reactant and 1.638 A at TS. The O-H bond of H,0
pointing to the fluoride ion was shortened 0.074 A from the
reactant to TS due to the weakening of the hydrogen bond-
ing. The C-F (H,O) bond of the TS was predicted to be
1.739 A. In comparison to the TS of the unsolvated reac-
tion, the C-F (H,0O) bond in the microsolvated system was
lengthened by 0.088 A and the C-F bond was shortened by
0.077 A. The C-H bond distances were found to be less sen-
sitive to microsolvation.
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(b) Rate Constants

Figure 2 shows the dual-level corrected potential en-
ergy curves along the reaction paths of both the unsolvated
and microsolvated reactions. Evidently, one of the most im-
portant effects of microsolvation was to elevate the energy
barrier, which decreased the rate constants considerably
(by 10 orders of magnitude at 300 K in the current system)
and at the same time allowed important contribution to the
rate constants by tunneling effects at low temperature. The
microsolvated curve was not symmetric because at the TS

Reactant

J‘g

Transition state

‘?l.mo
.. - - - == 8
J—l.‘)()-! ’1.739 4

107.3  1.638
y

9
v 1.368

Ion-dipole complex

Fig. 1. Calculated structures by the MP2/aug-cc-
pVTZ method. Bond lengths are in A (blue) and
bond angles in degrees (red).
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the water molecule was still bound to the incoming fluoride
ion, as shown in Figure 1, and has not yet moved to the
outgoing fluoride ion.

The calculated rate constants from 50 K to 500 K are
listed in Table 2, and the corresponding Arrhenius plots are
shown in Figures 3 and 4. The variational effects'® in the
current systems were found to be very small at all tempera-
tures and thus the TST and CVT results are almost identical
(the CVT results are omitted). This is due to the relatively
sharp barrier (with half-height width of ~1.2 bohrs) as seen
in Figure 2. This sharp barrier also caused the important
tunneling effects at low temperature. As seen in Table 2, the
tunneling effects of all the reactions became dominant be-
low 200 K and raised the rate constants dramatically at
even lower temperature. This was also shown in the appar-
ent curvatures in the Arrhenius plots of Figures 3 and 4. For
example, the tunneling effects increase the TST rate con-
stants of R1 by factors of 2.2 x 10", 1000, 5.6, and 2.2 at
50, 100, 150, and 200 K, respectively. Even at 300 K, tun-
neling is still important and increases the rate constant of
R1 by 39%.

For gas-phase Sn2 reaction, the tunneling contribu-
tion to the rate constants in the current system is particu-
larly large, considering the reaction path is dominated by
heavy-atom motions. In contrast, as seen in Figure 2, the
tunneling would not have any significant effects on the
unsolvated reaction since the energy of the TS is below that
of the reactants. It was the significant differences in solva-

wansition”  — . =—CH,F + F~«(H,0)
product (b) 15 .
|~ CH.F +F-
reactant et
F-(H,0)-CH;F  FCH;- F- (H,0)
> -3 1 3

Energy (kcal/mol)

-15
s (bohr) reaction coordinate

Fig. 2. The potential energy curves along the reaction
paths of CH3F + F~(H,O) and CH3F + F~ reac-
tions. The products (a), (b), and (c) in the sche-
matic diagram on the upper left corner were
CHsF + F~(H,0), CH3F(H,0) + F~, and CH3F +
F~+ H,0, respectively.
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tion energies among the structures on the reaction path and
the relatively narrow width of the energy barrier that made
the important tunneling effects possible. We also checked

1921 hethod and we

the large curvature tunneling (LCT)
found that the SCT is the dominant tunneling mechanism
except at a very small lowest energy range. Inclusion of
both the SCT and the LCT mechanisms (the pOMT
method)'® would only make negligible difference (< 5%) to
the SCT results. The current result, to our knowledge, is the
first accurate estimation of the tunneling contribution to the
bimolecular rate constants of a gas-phase Sy2 reaction us-

ing a reliable, dual-level corrected potential energy surface

-15

= CH,F + F~ (H,0)
220 s CD;F + F- (H,0)
== CH;F + F- (D,0)

-40

log Kk(T) (cm® molecule™! s')

45

=50
2 4 6 8 1 12 14 16

2 18 20
1000/T (K)

Fig. 3. The Arrhenius plot of the calculated rate con-
stants. The broken and solid lines indicate re-
sults calculated at TST and CVT/SCT levels,
respectively.

-15
==!2CH;F + F~ (H,0)

=20

e BCH4F + F~ (HA0)
==4CH;F + F~ (H,0)

log k(T) (cm?® molecule™! s7!)

-45

250

1000/T (K)

Fig. 4. The Arrhenius plot of the calculated rate con-
stants. The broken and solid lines indicate re-
sults calculated at TST and CVT/SCT levels,
respectively.
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Table 2. Calculated Rate Constants (in cm® molecule s') by the TST and CVT/SCT methods
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CH,F + F(H,0)

CD;,F + F(H,0)

CH,F + F(D,0)

BCH,F + F(H,0)

HCH,F + F(H,0)

T(K

® TST CVT/SCT TST CVT/SCT TST CVT/SCT TST CVT/SCT TST CVT/SCT
50 6.73(—64)" 1.45(-48) 3.29(=63) 3.77(-48) 1.26(=62) 2.65(-47) 5.02(-64) 7.18(-49) 3.89(—64) 2.60(-49)
60  1.69(=55) 1.62(-44) 6.02(=55) 3.81(~44) 1.89(=54) 1.74(-43) 1.31(=55) 8.12(-45) 1.05(-55) 3.01(-45)
70 1.70(-49) 1.55(-41) 4.85(-49) 3.38(-41) 1.32(-48) 1.15(-40) 1.36(-49) 7.95(-42) 1.12(-49) 3.07(-42)
80  5.46(-45) 3.30(-39) 1.32(-44) 6.75(=39) 3.25(-44) 1.86(-38) 4.48(—45) 1.75(-39) 3.76(-45) 7.13(-40)
90  1.77(-41) 2.67(=37) 3.77(-41) 5.16(=37) 8.56(—41) 1.22(-36) 1.48(-41) 1.48(-37) 1.26(-41) 6.53(-38)
100 1.15(=38) 1.15(=35) 2.22(-38) 2.12(-35) 4.74(-38) 4.49(-35) 9.76(-39) 6.82(-36) 8.43(-39) 3.34(-36)
125 1.41(=33) 3.22(-32) 228(-33) 5.23(-32) 4.34(-33) 9.60(-32) 123(-33) 2.35(-32) 1.08(-33) 1.57(-32)
150 3.70(=30) 2.10(=29) 5.34(=30) 3.05(-29) 9.46(-30) 5.27(-29) 3.28(=30) 1.72(-29) 2.95(-30) 1.36(-29)
175 1.09(=27) 3.39(=27) 1.45(=27) 4.54(=27) 2.44(=27) 7.53(=27) 9.78(-28) 2.92(-27) 8.91(-28) 2.46(-27)
200 8.11(=26) 1.84(=25) 1.03(=25) 2.32(=25) 1.65(=25) 3.72(-25) 7.37(=26) 1.62(=25) 6.78(-26) 1.42(-25)
250  3.80(-23) 6.19(-23) 4.49(-23) 7.29(-23) 6.81(=23) 1.11(=22) 3.51(=23) 5.64(-23) 3.28(-23) 5.11(-23)
300 2.57(=21) 3.57(=21) 2.92(-21) 4.04(=21) 424(-21) 5.88(=21) 2.40(-21) 3.30(=21) 2.26(-21) 3.06(-21)
400 6.22(-19) 7.43(-19) 6.82(=19) 8.10(-19) 9.22(-19) 1.10(-18) 5.90(=19) 7.00(-19) 5.62(~-19) 6.60(-19)
500  2.03(-17) 2.26(-17) 2.19(-17) 2.43(-17) 2.80(-17) 3.12(-17) 1.94(-17) 2.15(-17) 1.86(-17) 2.05(-17)
“ 6.73(—64) means 6.73 x 10"
(PES). Non-negligible tunneling effects at and below room KIE(CD;) = k(R1) / k(R2) e
temperature in the gas-phase reaction of C1"(H,0) + CH;Cl KIE(D,0O) =k(R1) / k(R3) 2)
have also been predicted using VTST/MT but with an em- KIE("C) = k(R1) / k(R4) (3)
pirically adjusted analytical PES based on MP2/6-31G KIE(**C) =k(R1) / k(R5) 4)

(d,p) calculations and experimental rate constants."’
(¢) Kinetic Isotope Effects and Solvent Kinetic Iso-
tope Effects

The calculated KIEs using the TST and CVT/SCT
were shown in Table 3 and Figure 4. Here we defined the
various KIEs as the ratios of the rate constants of the
unsubstituted reaction (R1) to the rate constants of the vari-
ous isotopically substituted reactions:

6
w=KIE (CD3)
=KIE (D20)

KIE (13C)
= KIE(!4C)

—
—
—
g

4 6 8 10 12 14 16 18 20
1000/T (K)

Fig. 5. Temperature dependence of the calculated
KIEs. The broken and solid lines indicate re-
sults calculated at TST and CVT/SCT levels,
respectively.
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The calculated KIE(CDj3) above 100 K by TST and CVT/
SCT were very similar. The “inverse” deuterium KIE of
0.88 at 300 K by TST was in good agreement with previous
studies on Sy2 reactions.*'? However, the calculated
KIE(CD3) by the two methods became different at tempera-
ture below 100 K. Both methods predicted that KIE(CDs3)
would decrease (or more “inverse”) as temperature de-
creases but the CVT/SCT method predicted a smaller tem-
perature dependence. For example, at 100, 80, and 50 K the
KIE(CD;s) predicted by TST were 0.52, 0.41, and 0.20, re-
spectively, while they were 0.54, 0.49, and 0.39 by CVT/
SCT. Since the rate constants were dominated by tunneling
at low temperature, the tunneling effects were stronger in
the unsubstituted reaction as expected. The small tunneling
effects on the calculated KIE(CDj3) above 100 K also sug-
gested that the hydrogens on the methyl group involved,
but not very significantly, in the tunneling coordinates. The
predicted inverse KIE(D,O) by TST and CVT/SCT were
almost identical in the entire temperature range. Thus the
solvent did not play any significant role in tunneling. The
inverse SKIE was caused by the weakening the of hydro-
gen bonding between the water molecule and the fluoride
ion going from the reactants to the TS, as discussed in the
previous study.'* As shown in Table 3, the predicted

1405
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Table 3. Calculated KIEs by the TST and CVT/SCT methods

K KIE(CD;) KIE(D,0) KIE("*C) KIE("C)
& TST CVT/SCT TST CVT/SCT TST CVT/SCT TST CVT/SCT

50 0.20 0.39 0.05 0.05 1.34 2.03 1.73 5.60
60 0.28 0.43 0.09 0.09 1.29 2.00 1.60 5.39
70 0.35 0.46 0.13 0.14 1.25 1.96 1.52 5.06
80 0.41 0.49 0.17 0.18 1.22 1.89 1.45 4.63
90 0.47 0.52 0.21 0.22 1.20 1.80 1.40 4.09
100 0.52 0.54 0.24 0.26 1.18 1.69 1.37 3.44
125 0.62 0.62 0.32 0.34 1.15 1.37 1.30 2.05
150 0.69 0.69 0.39 0.40 1.13 1.22 1.25 1.55
175 0.75 0.75 0.45 0.45 1.11 1.16 1.22 1.38
200 0.79 0.79 0.49 0.49 1.10 1.13 1.20 1.30
250 0.85 0.85 0.56 0.56 1.08 1.10 1.16 1.21
300 0.88 0.88 0.61 0.61 1.07 1.08 1.14 1.17
400 0.91 0.92 0.67 0.68 1.06 1.06 1.11 1.13
500 0.93 0.93 0.72 0.72 1.05 1.05 1.09 1.10

KIE(D,O) decreases as temperature decreases, from 0.61 at
300 K to 0.05 at 100 K. The predicted KIE('°C) and
KIE(*C) at higher temperature showed the expected
slightly normal KIE which was caused by the bond-break-
ing between the carbon and the fluorine atoms. For exam-
ple, the KIE("*C) predicted by TST at 100 K, 200 K, and
300 K were 1.18, 1.10, and 1.07, respectively, while the
predicted KIE(HC) were 1.37, 1.20, and 1.14, respectively.
One might not expect the carbon atom to show significant
tunneling effects even at low temperature due to its much
higher mass than the hydrogen atom. However, recent stud-
ies showed that in reactions with high barriers and rela-
tively small atom movements, the carbon tunneling could
be very significant.***° Indeed, Table 3 showed that the
tunneling effects had perceptible effects on carbon KIE be-
low room temperature, and significantly increased the
KIE("*C) and KIE('*C) below 150 K. It was quite remark-
able that the KIE("’C) and KIE(**C) increased to 2.0 and
5.6 at 50 K. The increase reflected that the motion of car-
bon atom directly correlated to the reaction path around
the transition state. The interesting temperature depend-
ence of the calculated KIEs by the TST and CVT/SCT
methods was shown in Figure 4. The familiar KIE(**C) and
KIE('*C) values in gas-phase Sy2 reactions obtained in ear-
lier studies only apply to low barrier reactions and at
around room temperature. The carbon KIEs calculated in
the current study are consistent with results from earlier
studies at room temperature. For example, the experimen-
tal KIE("*C) of the F~ + CH;Cl, Br~ + CH;Cl, and CN™ +
CH;Cl reactions were measured 1.07, 1.07, and 1.08, re-

1406

www.jees.wiley-vch.de

spectively, while the calculated values by B3LYP/aug-cc-
pVDZ method were 1.06, 1.07 and 1.07, respectively.’®>*
The KIE(**C) of the OH™ + CH;l and Ag + CH;l reactions
were measured 1.08 and 1.09 respectively.*” The KIE(**C)
of 1.13 of the current system at 300 K is slightly higher than
those limited experimental data. However, the current
study also suggested that for higher-barrier SN2 reactions
the tunneling effects of carbon atoms could be important at
lower temperature, which could increase (relative to the
TST values) the carbon KIEs significantly, as in the current
cases of KIE("’C) and KIE('*C).

SUMMARY

The SN2 reaction of F (H,0O) + CH5F and four differ-
ent isotopically substituted analogs have been studied with
correlated electronic structure calculations and dual-level
dynamics method. The high-level results showed that this
reaction has a significant barrier of ~10 kcal/mol. The deu-
terium (CD3) and heavy water substituted reactions re-
sulted in inverse KIEs while the '°C and '*C substituted re-
actions were predicted to show normal KIEs. Despite the
reaction involves movement of heavy atoms, our calcula-
tion predicted that the tunneling effects would dominate the
reactions at temperature below 200 K. The tunneling ef-
fects increased the kinetic isotope effects due to the CD;,
3¢, and ''C substitutions at low temperature. Accurate ki-
netics measurement of the gas-phase high-barrier Sy2 reac-
tion may be beyond the current experimental techniques.
However, future experimental tests on the temperature de-
pendence of the KIEs of similar gas-phase Sy2 reaction

© 2012 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim  J. Chin. Chem. Soc. 2012, 59, 1401-1408
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would be of great fundamental interest. Furthermore, the
current results would have strong implications on the ob-

served isotope fractionation

4941 in interstellar chemistry at

very low temperature.
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